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Abstract 15 
 16 
For barnacle cypris larvae at the point of settlement, selection of an appropriate surface is 17 
critical.  Since post-settlement relocation is usually impossible, barnacles have evolved 18 
finely-tuned surface sensing capabilities to identify suitable substrata, and a temporary 19 
adhesion system for extensive surface exploration.  The pattern of exploratory behaviour 20 
appears complex and may last for several hours, imposing significant barriers to quantitative 21 
measurement.  Here, we employ a novel tracking system that enables simultaneous analysis 22 
of the larval body movement of multiple individuals over their entire planktonic phase. For the 23 
first time, we describe quantitatively the complete settlement process of cyprids as they 24 
explore and select surfaces for attachment. We confirm the ‘classic’ behaviours of wide 25 
searching, close searching and inspection that comprise a model originally proposed by Prof. 26 
Dennis Crisp FRS.  Moreover, a short-term assay of cyprid body movement has identified 27 
inspection behaviour as the best indicator of propensity to settle, with more inspection-related 28 
movements occurring in conditions that also promote higher settlement.  More than half-29 
century after the model was first proposed by Crisp, there exists a precise method for 30 
quantifying cyprid settlement behaviour in wide-ranging investigations of barnacle ecology 31 
and applied studies of fouling management.   32 
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Background 40 
 41 
When humans refer to the ‘decision of a lifetime’, this is often hyperbole.  For barnacle larvae 42 
at the point of settlement, however, the metaphor is more appropriate.  The cypris larva, 43 
which is specialised for identification of suitable attachment sites and adhesion to them, has 44 
little margin for error.  After the release of their permanent cement, most barnacles are 45 
unable to move any further.  Surface selectivity has evolved to ensure their settlement under 46 
suitable environmental conditions, including surface physicochemical properties, local 47 
hydrodynamic conditions [1], and within proximity to a potential mate.  The latter fulfills the 48 
requirement of most species for reproduction by pseudocopulation, akin to internal 49 
fertilization.  Surface selection occurs both by innate species-specific preference for 50 
particular environmental conditions and/or direct identification of the presence of conspecifics 51 
[2,3].  The former may include perception of specific biofilms [4] substrate physicochemistry 52 
[5] or, for epibiotic or parasitic forms, the particular chemical cues released by the host [6,7].  53 
For direct identification of potential mates, cyprids are able to detect and respond to a 54 
pheromone, the settlement-inducing protein complex [8].  The colonisation of surfaces by 55 
barnacles is not a random process, therefore, but there remains surprisingly little insight into 56 
the means by which cyprids process information and select surfaces for attachment through 57 
e.g. releaser behaviour or aversive/appetitive memory [9]. 58 
 59 
When they encounter a surface, cyprids engage in an elaborate sequence of exploratory 60 
activity that has been subject to study for over half a century [9,10].  Theoretically, if we can 61 
understand the decision-making process of barnacles at settlement, we can design more 62 
effective, environmentally benign antifouling coatings to which they choose not to attach [11] 63 
or, indeed, stimulate settlement where this is desirable such as in the aquaculture of food 64 
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species [12].  In practice, however, quantitative analysis of barnacle cyprid behaviour is a 65 
complex theoretical and practical challenge, and the software and hardware tools available to 66 
the field have so far proven inadequate (see Alsaab et al. [13] for detailed discussion). 67 
 68 
All recent studies of cyprid behaviour [14-22] have, to a greater or lesser extent, referred to 69 
the ‘classic’ model of cyprid exploration described by Crisp [9] (Figure 1a).  Crisp outlined a 70 
sequence whereby swimming cyprids encounter a surface, attach using their temporary 71 
adhesive mechanism and ‘walk’ in a bipedal fashion using a pair of highly specialised 72 
antennules, detecting local surface cues as they go (Figure 1b).  Their exploratory pattern 73 
was described by Crisp as broad, at first, covering a large area in straight lines or shallow 74 
arcs; ‘wide searching’.  At any stage, the cyprid could detach and return to the water column, 75 
delaying settlement.  However, if the surface remained acceptable, the cyprid could constrain 76 
its exploration to a smaller area, turning more frequently; ‘close searching’.  Finally, before 77 
settlement, cyprids engaged in ‘inspection’.  Inspection, as defined by Crisp, was attachment 78 
to the surface by one or both antennules while probing the local area [23].  In our analysis we 79 
do not identify inspection based on the exact position of the antennules, but rather the 80 
relative locations of the terminal points of the cyprid body, as described by Alsaab et al. [13] 81 
(Figure 1b).  It was clear from early observations that ‘inspection’, by this definition, occurs 82 
throughout the exploratory period and is not restricted to the moments before permanent 83 
attachment.  The reader is referred to the electronic supplementary material document 84 
‘ESM1’ for a fuller description of the behaviours.  85 
 86 
Briefly, our analysis pipeline is enabled by automatic identification of nodes, of which there 87 
are two types: ‘walking nodes’ and ‘inspection nodes’.  A walking node is identified by the 88 
characteristic gate of a walking cyprid [13].  One node equates to one step and each step 89 
typically contains only one movement.  Wide and close searching both contain walking 90 
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nodes.  Inspection nodes correspond to periods of time when a cyprid is attached by one or 91 
both antennules to a single point.  Each inspection node can contain multiple body 92 
movements that correspond to the metronomic swinging of the body around the attachment 93 
point.  Inspection and close searching both contain inspection nodes with multiple 94 
movements.   95 
 96 
Unlike many other implementations of behavioural analysis in zooplankton ecology [24,25], in 97 
the study of cyprid behaviour we are interested specifically in: a) behaviour on a surface, 98 
excluding swimming in the water column and b) what the animals are doing, rather than 99 
where they are going.  Although subtle, these two distinctions have required a step-change in 100 
our approach from subjective interpretation of the path shape (Figure 1c,d,e,f) of individuals 101 
that spend >90% of their time swimming, to direct identification of the behaviours associated 102 
with settlement based on quantitative analysis of walking and inspection (Figure 1g).  To this 103 
end, our novel tracking and classification system [13] identifies walking and inspection 104 
behaviour of multiple cyprids directly from body movements, without reference to the track 105 
shape, enabling rapid, quantitative and objective analysis of only the behaviours of interest.   106 
 107 
[Figure 1 here] 108 
 109 
 110 
While the individual elements of the settlement process (Figure 1a), and sometimes 111 
combinations thereof, can be observed easily in the laboratory, the time scales involved 112 
(hours) and low frequency of the behaviours of interest have precluded validation of Crisp’s 113 
model.  It remains unclear whether the three phases of settlement behaviour exist as discrete 114 
activities [23, 26], or whether they simply arise at different time points in a spectrum of 115 
gradually refined surface investigation.  Further, it is not known how invariant the behaviours 116 
are between individuals and, thus, how useful a behavioural assay may be as an indicator of 117 
propensity to settle.  Previous studies have been limited to interpretation of short snapshots 118 
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of behaviour out of context [14,16-18,20,21]. A significant advantage of our system is that it 119 
enables us to track multiple cyprids, simultaneously, throughout the entire pelagic-benthic 120 
transition to settlement, providing detail about the sequence of behaviours as well as the 121 
ability to compare between experimental conditions.  Importantly, and uniquely among 122 
studies separating these three exploratory behaviours, the opinion of the observer has been 123 
entirely removed. 124 
 125 
This paper focuses on three objectives identified during development of the tracking system 126 
that have the potential to accelerate our understanding of habitat selection by barnacles.  127 
First, we describe the ability of the system to identify Crisp’s behaviours.  Second, we use 128 
automated assignment of behaviours to identify features that invariably indicate surface 129 
exploration prior to settlement.  Third, we developed a short-term assay to allow use of cyprid 130 
pre-settlement behaviour as tool for comparison of experimental conditions.  For illustration, 131 
we use cyprids of varying ages [27] and an artificial settlement inducer, 3-isobutyl-1-132 
methylxanthine (IBMX) [28], to stimulate increased settlement by ‘natural’ and ‘unnatural’ 133 
means. We propose that analysis of cyprid behaviour has matured sufficiently to make a 134 
significant contribution to the development of novel coatings, materials and agents to combat 135 
the multibillion-dollar challenge of marine biofouling [29] and answer longstanding questions 136 
about the fundamentals of barnacle settlement behaviour. 137 
 138 
Materials and methods 139 
 140 
The methods detailed here relate to the practical running of experiments.  More detailed 141 
descriptions of the tracking system, software, node identification, definitions of behaviours and 142 
data analysis can be found in the electronic supplementary materials document ‘ESM1’. 143 
 144 
Barnacle cyprid culture 145 
 146 
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Stocks of adult Balanus amphitrite (=Amphibalanus amphitrite) were supplied from the Duke 147 
University Marine Laboratory, Beaufort, North Carolina, and used as per Alsaab et al. [13] to 148 
obtain cypris larvae, which were then stored at 6 ºC for experiments. 149 
 150 
 151 
Preparation of solutions 152 
 153 
Artificial seawater (ASW; Tropic Marin) was produced in 100-L batches and stored for 2 days 154 
prior to use.  For production of 10-5 M solutions of 3-isobutyl-1-methylxanthine (IBMX), the dry 155 
chemical was first dissolved in analytical grade dimethylsufoxide (DMSO).  Sufficient DMSO 156 
was used to result in a final working concentration of 1:10000 with ASW.  Once the IBMX 157 
was completely dissolved in the DMSO carrier, seawater was added slowly with frequent 158 
mixing to bring the solution to an intermediate concentration of 10-3 M for storage at -20 ºC.  It 159 
was then further diluted to the working concentration of 10-5 M.  The control solution for IBMX 160 
experiments was DMSO at the working concentration of 1:10000. 161 
 162 
 163 
Settlement assay 164 
 165 
Settlement assays were performed using larvae from the same batches as those monitored 166 
in tracking experiments.  Untreated polystyrene 24-well plates (IWAKI™) were used.  2 mL of 167 
ASW, IBMX or control solutions were added to 12 replicate wells for each treatment. 10 168 
cyprids of the appropriate age were added to each well.  For the IBMX experiment, cyprids 169 
were used at 3-days-old [30].  The assay was incubated in the dark at 28ºC for 24 h [30], at 170 
which time the numbers of swimming and settled cyprids were counted.   171 
 172 
 173 
Design of tracking experiments 174 
 175 
Broadly, experiments were divided into long-term (Figures 4 – 6) and short-term studies 176 
(Figures 7 & 8); the short-term studies overcoming the intrinsic limitations on sample number 177 
experienced in long-term observations.  For experiments using IBMX, the treatment and 178 
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control recordings were made simultaneously.  Those involving cyprids of different ages, by 179 
definition, occurred on different days using cyprids from the same culture.  Long-term and 180 
short-term experiments were conducted at different times, using independent, batches of 181 
larvae. 182 
A typical long-term experiment involved addition of 5 cyprids, usually 3 days of age, to an 183 
experimental tube, which were then recorded from above for up to 18 h.  Any cyprids that 184 
settled during this period were tracked either through their final exploratory period (Figure 3) 185 
or for the entire pelagic and benthic periods leading up to settlement (Figures 4 – 6).   186 
 187 
The purpose of the short-term assay (Figures 7 and 8) was to provide a higher throughput 188 
experimental design with greater replication and statistical power than the long-term assays. 189 
Repeated recordings of larger numbers of larvae were conducted, during which total 190 
behaviour was quantified per trial, rather than per cyprid.  As well as generating replicate 191 
data, this approach had the additional advantage of eliminating the sometimes onerous 192 
process of identity re-assignment that was required during long-term tracking of individual 193 
cyprids.  To this end, the short-term assay involved 1-h recordings of tubes containing 10 194 
cyprids of the appropriate age (usually 3 days old) from 4 independent larval cultures for 195 
each experimental condition.  Experiments were conducted at 23 ºC using cyprids gradually 196 
raised to room temperature and allowed 5 minutes to acclimatise prior to recording.  197 
Inspection or walking data recorded in the 1-h period were simply taken as a total for each 198 
recording and divided by the number of cyprids in the tube, providing a measure of average 199 
inspection events, movements and walking events per cyprid, per hour.  These values were 200 
then averaged for the 4x replicate cultures to produce means ± standard error of the mean.  201 
Statistical analysis was performed between treatments using one-way analysis of variance 202 
(ANOVA) in Minitab version 17 at an a level of 0.05.  All data were normally distributed and 203 
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showed similar variance, as identified from normal plots of residual values and plots of 204 
residuals vs fitted values. 205 
 206 
Results 207 
Direct identification of cyprid settlement behaviour  208 
Through the automatic definition and subsequent analysis of walking and inspection nodes, 209 
all non-exploratory movements (e.g. swimming and resting) were ignored and simple 210 
distributions of the number of movements per inspection node, with time, could be produced 211 
(Figure 2a), with periods of walking indicated on the x-axis.  By presenting the same data as 212 
cumulative values (Figure 2b), the three classic cyprid exploratory behaviours were clearly 213 
identifiable without reference to the track trajectory. The exploratory paths automatically 214 
produced during tracking analysis (Figure 2c) were used only for quality control purposes.  215 
For each time point, the number of inspection movements was added to the sum of all 216 
previous time points. Wide searching behaviour produced no increase in the number of 217 
inspection nodes, however the period of wide searching was identified as walking by the 218 
software and assigned walking nodes (Figure 2b).  Close searching behavior was also 219 
identified as walking, but its definition required a concurrent increase in the number of 220 
inspection nodes and associated movements, since the close searching movement is 221 
essentially wide searching punctuated by inspection events (Figure 2c, i & iii).  Inspection 222 
resulted in a large increase in the number of body movements and a smaller increase in the 223 
number of inspection nodes, but did not coincide with walking (Figure 2c, iv).  With these 224 
three surface-specific behaviours assigned, all other periods of time with no identifiable 225 
nodes corresponded to non-exploratory behaviours.  Most often this would be swimming, but 226 
in the confines of an experimental arena also included any movements over and in contact 227 
with the surface other than via the antennules.  In a major departure from past work, this 228 
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classification process did not require the challenging interpretation of track morphology that 229 
has previously thwarted separation of these behaviours. 230 
 231 
[Figure 2 here] 232 
 233 
 234 
 235 
Identifying and quantifying ‘typical’ settlement behaviour 236 
 237 
The ability to track and classify multiple cyprids for prolonged periods enabled, for the first 238 
time, detailed analysis of cyprid behaviour in the final exploratory phase leading to 239 
settlement.  Depending on the individual in question, this period of unbroken surface contact 240 
was anywhere from 5 minutes to 2 hours (Figure 3a).  Any return to the water column, no 241 
matter how brief, reset the start of the tracking period.  The consistency of behaviour in the 242 
final period before settlement was striking.  The rationale described for interpreting Figure 2b 243 
was applied to 12 tracks, including the six examples illustrated in Figure 3b.  The majority of 244 
cyprids, 10 out of 12 analysed, engaged in a period of close searching followed by inspection 245 
prior to settlement.  All showed a largely unbroken stretch of walking behaviour accompanied 246 
by a linear increase in the number of inspection nodes and movements – i.e. close 247 
searching.  As each cyprid approached settlement, the period between inspection nodes 248 
lengthened (less overlapping of circular markers) and the last few nodes of each plot (Figure 249 
3b) usually occurred after the last walking node on the x-axis, implying the transition to final 250 
inspection.  What is more, the similarities between tracks extended beyond visual 251 
comparison.  For the six final exploratory periods illustrated in Figure 3b the average 252 
frequency of inspection-related body movements during this period, identified from the slope 253 
of the frequency plots, was 9.7 movements per minute ± 0.72 (SE). 254 
[Figure 3 here] 255 
 256 
 257 
 258 
Measuring effects of increasing larval age and the presence of a chemical inducer 259 
 260 
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The rate of cyprid settlement in laboratory assays can be manipulated by a variety of means.  261 
Storage of B. amphitrite cyprids at 6 ºC delays settlement but allows physiological aging, 262 
resulting in an increase in the rate of settlement and a decrease in discrimination [31]. 263 
Alternatively, exposure to synthetic settlement inducers such as isobutylmethylxanthine 264 
(IBMX) [28] can stimulate precocious settlement.  A fundamental question is whether the 265 
patterns of behaviour that precede higher settlement of aged cyprids and those exposed to 266 
IBMX are similar or different.  267 
 268 
We optimized the tracking method to enable analysis of the entire planktonic phase of 269 
cultured cyprids. Cyprids tracked through repeated surface encounters and returns to the 270 
water column increased their rate of settlement in response to increasing age and IBMX 271 
exposure, however pre-settlement behaviour differed markedly between the two treatments. 272 
For each of these long-term experiments, the trends presented were observed in all (at least 273 
4) individuals tracked in each treatment. 274 
 275 
[Figure 4 here] 276 
 277 
 278 
 279 
Figure 4 illustrates representative tracks, leading to settlement, for cyprids 1, 3 and 5 days 280 
old.  Older cyprids settled more quickly and the total number of movements recorded prior to 281 
settlement decreased with age, implying less inspection/close searching and reduced 282 
discrimination.  These findings support previous studies of the effects of cyprid age on 283 
laboratory settlement [31].  Wide searching featured prominently in the tracks of 1- and 3-284 
day-old cyprids, but was absent from tracks of 5-day-old individuals. All cyprids terminated 285 
their exploratory period with close searching behaviour.  Figures 5 & 6, on the other hand, 286 
provide examples of 3-day-old cyprids in a 10-5 M solution of IBMX (Figure 5) and a control 287 
solution of 1:10000 dimethylsulfoxide (Figure 6).  While only 1 out of 4 cyprids settled in the 288 
control condition, 3 out of 4 settled in the presence of IBMX. There were also marked 289 
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differences in the data profiles.  While the maximum number of body movements prior to 290 
settlement was 2500 in the presence of IBMX (Figure 5b) it was only 600 in the control 291 
condition (Figure 6d), a figure closely matching the ~600 body movements observed for the 292 
3-day-old cyprid in Figure 4b. This highlighted a disparity between the effects of aging and 293 
IBMX exposure on settlement behaviour.  While both treatments increased the rate of 294 
settlement, the number of body movements reduced accordingly for cyprids of increasing 295 
age, from over 1500 on day 1 to 500 on day 5 (Figure 4 a,b,c), whereas the cyprid that 296 
settled in the control condition in Figure 6 engaged in far fewer movements than those that 297 
settled more quickly in the IBMX solution (Figure 5). For cyprids of increasing age, 298 
exploratory period and number of body movements reduced simultaneously, implying that the 299 
rate of activity was constant and independent of age. For those exposed to IBMX (Figure 5), 300 
however, the total number of body movements was higher than in the control (Figure 6), 301 
despite cyprids settling more quickly.  This implied a stimulatory effect on searching activity 302 
by IBMX rather than simply a reduction in the stimulatory threshold required for settlement, 303 
as was the case for older cyprids.  304 
[Figure 5 here] 305 
 306 
[Figure 6 here] 307 
 308 
 309 
Development of a predictive assay based upon cyprid settlement behaviour 310 
 311 
For  most fundamental and applied applications of behavioural analysis, prolonged tracking 312 
of the entire pelagic period (e.g. Figures 5 and 6) is both unnecessary and impractical.  313 
Rather, a rapid assay is required that can use specific aspects of behaviour to indicate 314 
propensity to settle and compare results reliably between conditions.  Such an assay was 315 
developed using 1-h recordings of multiple cyprids in the previously applied experimental 316 
conditions.  317 
 318 
[Figure 7 here] 319 
 320 
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 321 
Settlement of cyprids on day 5 was significantly higher than for those on day 1 (Figure 7a; 322 
ANOVA F(2,3) = 4.17, p = 0.02). Although the total number of inspection-related movements 323 
doubled concurrently with the increase in settlement between day 1 and day 5 (Figure 7b), 324 
this increase was not significant; a larger number of replicates would likely resolve this.  As 325 
observed in the long-term tracks for cyprids of increasing age (Figure 4), metrics of walking 326 
behaviour indicated a reduction with age (Figure 7d,e,f).  Cyprids on day 5 took significantly 327 
fewer steps per unit time (Figure 7d; ANOVA F(2,3) = 4.17, p = 0.05) and explored for less 328 
time than those on day 1 (Figure 7e; ANOVA F(2,3) = 4.64, p = 0.04).  The number of 329 
inspection movements per node, the number of exploration periods per cyprid and the rate of 330 
walking (Figure 7c, f, g) did not differ significantly between ages.  This was of particular 331 
interest for the movements per node and step rate metrics, both of which relate to the 332 
mechanics of surface interaction rather than broader exploratory behaviour.   333 
 334 
 335 
[Figure 8 here] 336 
 337 
 338 
Short term assays of cyprid behaviour in solutions of IBMX indicated significant differences 339 
for all metrics other than body movements per inspection node (Figure 8c) and step rate 340 
during exploration (Figure 8g).  As expected, settlement was significantly higher in the IBMX 341 
condition (Figure 8a; ANOVA F(1,3) = 14.04, p = <0.01), as were all measures of activity 342 
including number of inspection events/nodes (Figure 8b; ANOVA F(1,3) = 24.01, p = <0.01), 343 
the total number of inspection movements (Figure 8b; ANOVA F(1,3) = 20.96, p = <0.01), the 344 
average rate of walking (Figure 8d; ANOVA F(1,3) = 13.26, p = <0.01), average walking period 345 
(Figure 8e; ANOVA F(1,3) = 10.82, p = 0.02) and number of exploratory events (Figure 8f; 346 
ANOVA F(1,3) = 12.70, p = 0.01).  Importantly, however, the direction of this difference was 347 
different relative to settlement when compared to the data for aging cyprids in Figure 7.  348 
Whereas cyprids of increasing age showed reduced walking activity as settlement increased, 349 
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cyprids exposed to IBMX, where settlement was higher, showed increased walking 350 
behaviour.  In both cases, the biomechanical aspects of motility in terms of step rate and 351 
body movements were unchanged.  Since each inspection node for the two conditions 352 
contained a similar number of movements (Figure 8c), the stark difference in data profiles 353 
between the IBMX and control conditions (Figures 5 and 6) can be assigned primarily to a 354 
larger number of inspection events.  Although not statistically significant in Figure 7b, the 355 
number of recorded inspection nodes and/or movements in a given condition is the most 356 
reliable proxy with which to quantify the intensity of surface interaction and the best predictor 357 
of settlement drawn from the metrics calculated so far.  358 
 359 
Discussion 360 
We present here the first quantitative analysis of global barnacle settlement behaviour, using 361 
an automated, software-based tracking and classification system designed specifically for the 362 
task.  Our novel approach enabled long-term monitoring and high-resolution, short-term 363 
quantification of exploratory behaviour that will enable both fundamental, hypothesis-driven 364 
studies of settlement cues, as well as applied investigations into the mechanism of action of 365 
novel antifouling coatings/agents. 366 
The study had three objectives: First, to ascertain the validity of Crisp’s behavioural model 367 
and to confirm the three classic settlement behaviours [9].  Second, to use data-driven 368 
assignment of behaviour to identify characteristic activities that cyprids engage in during the 369 
minutes to hours before settlement.  Third, to develop a short-term assay that uses cyprid 370 
behaviour as a tool for comparison of experimental conditions. It can first be confirmed that 371 
Crisp’s description of behaviour was broadly accurate and that these behaviours are well-372 
conserved between individual larvae; in general, wide searching leads to close searching 373 
which, in turn, leads to inspection before settlement [26].  However, behaviour meeting 374 
Crisp’s definition of inspection also occurred at many other points.  Exploratory behaviour 375 
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(wide searching, close searching and inspection) occurred predominantly in the lead-up to 376 
settlement and less so during the indeterminate period of swimming prior to final engagement 377 
with a surface.  Once settlement behaviour had been initiated there were still brief returns to 378 
the water column, most often at the transition between wide and close searching.  Wide and 379 
close searching indeed appear to be discrete behaviours with a clear transition from one to 380 
the next.  Once close searching began, returns to the water column were increasingly rare 381 
and older cyprids tended to enter close searching directly upon encountering a surface, 382 
forgoing wide searching altogether.  In the absence of external interruptions, close searching 383 
occurred only immediately before settlement.   384 
When behaviour was analysed during the final period of surface contact before settlement 385 
(Figure 3), clear consistencies emerged.  While the period of time was highly variable, from 386 
less than 5 min to over 2 h, the behavioural parameters identifiable from cumulative plots of 387 
inspection and walking nodes remained highly consistent.  Surface exploration always ended 388 
with close searching and/or inspection.  389 
 390 
Prolonged experiments with cyprids of different ages and those in the presence of a 391 
settlement inducer, IBMX [27], indicated that propensity to settle and settlement behaviour 392 
were independent of one another. While older cyprids and those exposed to IBMX both 393 
settled more quickly, behaviour prior to settlement differed markedly.  Older cyprids explored 394 
less than younger ones, engaged less in wide searching and settled more quickly (Figure 4), 395 
and their rate of body movement throughout this process remained similar at all ages.  396 
Cyprids exposed to IBMX, on the other hand, settled quickly compared to those in the control 397 
but with greatly increased rates of body movement.  While the inclination to settle more 398 
quickly was driven, in aging cyprids, by the necessity to conserve a finite energy store 399 
[32,33], in cyprids exposed to IBMX it was the result of increased exploratory activity initiated 400 
by exposure to the artificial stimulant. 401 
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 402 
Finally, a rapid assay was developed that allowed quantitative comparison of cyprid 403 
settlement behaviour between treatments.  The total number of inspection-related 404 
nodes/movements (Figures 7b and 8b) was the best comparative measure for experimental 405 
purposes, since it combined the effects of the number of inspection events and the number of 406 
movements in those events, providing a robust and consistent comparator between 407 
conditions.  The direction of the increase/decrease for this metric was also consistent with 408 
increasing or decreasing settlement, unlike the measures of walking behaviour. 409 
 410 
Measures of walking behaviour (Figures 7d,e,f and 8d,e,f) yielded significant differences 411 
between treatments, but also highlighted the difference in behavioural response identified in 412 
long-term tracks (Figures 5 and 6); i.e. reduced activity with age leading to higher settlement 413 
and increased activity with IBMX also leading to higher settlement.  While the opposite 414 
response of these measures relative to settlement, depending on treatment, rendered them 415 
unreliable as simple predictors of settlement, they clearly have additional value.  In an 416 
antifouling context, whether settlement reduction follows increased or decreased exploratory 417 
activity may reflect either selective rejection of the surface or a physical barrier to exploration.  418 
 419 
Perhaps most interestingly, the two measures that were consistent between experimental 420 
conditions in both experiments were the step rate during walking and the number of 421 
movements per node during inspection.  We suggest that the observable elements of cyprid 422 
exploratory behaviour could thus be divided into two categories: 1) those that control the 423 
biomechanics of movement involved in inspection/walking and that that appear to be 424 
consistent within an experiment, regardless of treatment, and 2) those that incorporate these 425 
movements into more complex behaviours (i.e walking/inspection) where there is flexibility 426 
regarding the timing/frequency of the component movements depending on environmental 427 
conditions.  This is significant, not least, because most previous attempts to quantify cyprid 428 
exploration, including our own, have focused on metrics of wide searching behaviour – step 429 
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length, step duration etc. [21].  In all likelihood, this emphasis on detailed analysis of walking 430 
behaviour has stemmed from practical limitations on the duration of previous tracking 431 
experiments.  For example, in the field-based video observations of Prendergast et al. [22], 432 
wild cyprids of Semibalanus balanoides explored surfaces treated with a conspecific cue 433 
more frequently than an untreated control, and spent longer exploring treated surfaces.  434 
However, the work was limited by manual selection of cyprids followed by a largely manual 435 
and labour-intensive analysis pipeline.  The correlation to settlement, which is known to be 436 
higher in the presence of a conspecific cue, was indirect since cyprids could only be tracked 437 
for up to 1 minute.  Similarly, the method of Chaw et al. [21] relied upon manual selection and 438 
largely manual tracking of cyprids exploring microstructured surfaces to present metrics of 439 
wide searching behaviour that correlated with settlement.  All past results should now be 440 
considered in the context of our finding that it is possible for increased walking activity to 441 
precede either an increased or decreased settlement response.  Based on our results, the 442 
involvement of wide searching in the decision to settle is indirect and the mechanics of the 443 
steps are probably ‘hard-wired’, remaining constant in varying non-stressful conditions.  444 
 445 
The ability to correctly correlate the behaviour of barnacle larvae to settlement under a given 446 
condition would be a significant achievement, and this study represents an important step 447 
forward.  By departing from traditional approaches towards interpretation of spatially 448 
calibrated tracks, we have generated these comparative data directly with minimal 449 
processing and interpretation.  While the fundamentals presented here provide a framework 450 
for such interpretation, it should be noted that behavioural data are, and will remain, subject 451 
to large variability – particularly between experiments.  However, our novel approach 452 
(Figures 2 – 6) is underpinned by hard data and reduces the potential for observer bias to a 453 
minimum.  We anticipate that the methods will enable new directions in barnacle ecology, 454 
albeit with the changes required to accommodate responses of different barnacle species to 455 
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conspecifics or host organisms, as well as contributing significantly to improved selection of 456 
antifouling materials/agents based on deterrence of settling larvae.  457 
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 615 
 616 
ESM1: This supplementary document provides additional detail relating to the design 617 
of the tracking system, identification of ‘nodes’ of behaviour and data 618 
processing/analysis by the tracking software. 619 
 620 
 621 
Design of the tracking system 622 
 623 
The physical design of the tracking system was as described in Alsaab et al. [19] but with the 624 
addition of a second camera so that two arenas could be recorded from simultaneously.  625 
Briefly, two Basler scS1300-32gm monochrome, high-definition cameras were connected to 626 
a computer using Gigabit Ethernet and controlled using a simultaneous trigger.  Each camera 627 
was fixed above a separate experimental aquarium, 10 L in volume, allowing for 628 
simultaneous experimentation under two conditions.  Cyprids were contained within hollow 629 
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70 mm x 12 mm quartz glass tubes with 1mm wall thickness (Cambridge Glass Blowing) for 630 
the duration of the experiments.  The tube was orientated vertically and the cyprids were 631 
contained within it by closing the open ends of the tube with glass microscope slides.  A 632 
camera was fixed above the tube with a bespoke infrared LED light source beneath, allowing 633 
for visualization of cyprids as silhouettes against a light background (Figure 1c).  The tube, 634 
with cyprids inside, was placed inside a 10-L aquarium filled with ASW or IBMX/control 635 
solution.  The large volume acted as an efficient temperature buffer to maintain experiments 636 
at a constant 23 ºC.  Once the cyprid-containing tube was within the filled aquarium, a thin 637 
sheet of transparent polystyrene was floated on the surface of the water to stabilize the 638 
image. When recording commenced, live video was retrieved by custom frame-grabbing 639 
software to a solid-state 1TB hard disk, housed within the high-performance desktop PC 640 
(Intel Xeon E5-2660v3 – 20x CPU @ 2.60 GHz, 32 GB RAM) running Ubuntu Linux v12.0.4.  641 
The footage was stored as single frames at 33 s-1 and all recordings took place in darkness 642 
using infrared illumination. 643 
 644 
Definition of nodes 645 
 646 
The term ‘node’ is used ubiquitously as a ‘point of reference’ for a piece of software. Our 647 
tracking system produces sets of data corresponding to the relative movements of two points 648 
on the body of a larva.  The classification system then scrutinizes these data sets looking for 649 
points of interest, as defined in Alsaab et al. (2017).  These points of interest, or nodes, 650 
correspond to pre-defined surface-specific behaviours.  The nature of the movement within a 651 
node determines more precisely whether that surface behaviour is classified as walking or 652 
inspection. 653 
Each node occurs within a pre-defined radius.  The radius from the centre of a node varies 654 
depending on experimental conditions and cyprid culture; i.e. practical effects of 655 
magnification or cyprid size.  The physical dimensions of a node are therefore optimized at 656 
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the beginning of each experiment.  The events of interest to this study include two types of 657 
node, inspection nodes and walking nodes.  These were identified by the classification 658 
software using the following criteria: 659 
Inspection node – Crisp’s [8] definition of ‘inspection’ was of a cyprid, prior to permanent 660 
attachment, that is temporarily fixed to a surface by one or both antennules and probing the 661 
local area.  We found the behaviour conforming to this definition, immediately before 662 
permanent attachment, to be impossible to separate quantitatively from ‘inspection’-like 663 
behaviours occurring throughout the settlement process.  We therefore use the term 664 
‘inspection’ to define this body movement without reference to its point in chronology of 665 
settlement.  For a node to qualify as an inspection node in our analysis, a cyprid must be 666 
attached to the surface by its antennules, whilst oscillating its body about that attachment 667 
point (a result of the ‘probing’ activity) without the attachment point moving, and have the 668 
appearance of ‘tugging’ at the surface. The swinging movement of the rear of the body 669 
causes very little change in the location of the attachment point TP2, but a much larger 670 
movement at the opposite terminal point TP1 (Figure 1b). To be automatically defined as an 671 
inspection event, the node must meet the following condition: the range of angles towards 672 
the various points TP1 with respect to TP2 (fixed point) must exceed a threshold of 30°.  As 673 
explained in the following section, this movement must also occur >3 times before 674 
‘inspection’ is recorded and the total number of body movements per inspection node 675 
constitutes the output.  The cyprid is considered to have ended one node and begun another 676 
when it strays outside of the spatial limit set for the experiment (typically around a body 677 
length). The algorithm is fully described in Alsaab et al. [18]. 678 
Walking node – Using the wide search algorithm described in [18], walking was defined by 679 
the location of a series of contiguous nodes relative to one another. The step length (the 680 
distance between two consecutive nodes) of cyprids during walking is consistent, so walking 681 
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could be defined whenever the ratio between the standard deviation and the average value 682 
of the step length was less than 0.2 over a sequence of 4 nodes (steps).  The maximum 683 
variance between the step length and 0.85 of the cyprid length was required to be less than 684 
0.3.  Under these circumstances, each node in the sequence would be defined as a walking 685 
node and issued a value of 1.  As explained below, this does not preclude nodes with 686 
multiple body movements (inspection nodes) being present in stretches of walking.  Indeed, 687 
this is diagnostic of close searching behaviour. 688 
 689 
Processing and analysis of tracking data 690 
 691 
The custom tracking software, described in detail elsewhere [18], generated coordinate data 692 
for all cyprids in an experiment directly from the recorded images, and made these data 693 
available to export as text files.  While the software minimises mistakes arising from cyprids 694 
overlapping or interference from reflections, it is not perfect in this regard.  If it is essential to 695 
know the identity of a cyprid from the beginning of an experiment to the end, as was the case 696 
for the long-term tracks up to settlement in Figures 4 – 6, the entire track must be viewed and 697 
any errors re-assigned.  This is a rate-limiting step for very lengthy tracks, where quality 698 
control and re-assignment can take up to a day, but not so for short tracks.  It is also 699 
expedited by features in the tracking software such as adjustable playback speed.  The re-700 
assignment step is unnecessary for high throughput experiments such as those described in 701 
figures 7 & 8, where total durations of each behaviour of interest are averaged over the 702 
number of cyprids in the experiment. 703 
 704 
Once the coordinate data had been exported by the tracking system, they were passed to the 705 
behaviour classification system.  The classification system processed coordinate data for two 706 
points on each cyprid (TP1, TP2; Figure 1b) into nodes of surface interaction as described 707 
above.  The activity within the nodes was then identified by the classification system as either 708 
walking or inspection, or both.  The latter is possible since calculations to define walking and 709 
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inspection are run independently, using different input data and evaluation criteria.  So, a 710 
node that forms one step in a walking sequence could also contain multiple movements that 711 
would be defined as inspection (e.g. during close searching).  Thus, for every node detected 712 
for each cyprid in each frame, a score of 1 or 0 was assigned for walking and, for inspection, 713 
an additional cumulative score was calculated relating to the total number of body 714 
movements for each node.  All nodes containing ‘inspection’ events, identified by the relative 715 
positions of TP1 & TP2, that had <3 body movements during a period of walking were 716 
removed from the tally of inspection nodes and counted only as walking nodes.  All those 717 
with <3 body movements that did not occur during walking were removed from the analysis 718 
altogether. There were two reasons for this filtering step.  First, the classification software 719 
occasionally makes mistakes when identifying ‘inspection’ from body movement alone, but 720 
these mistakes are usually limited to one or two movements.  Filtering nodes containing <3 721 
movements eliminated this ‘noise’ and, since ‘true’ inspection events usually contain 722 
significantly more than 3 body movements, the real data were left unaffected.  Second, 723 
cyprids engaging in wide searching may occasionally hesitate, leading to the classification 724 
system recording more than 1 body movement per step.  Counting these events as 725 
inspection nodes would be inaccurate.  726 
 727 
The filtering step ensured that: 1) stretches of walking that contained no inspection nodes 728 
could be considered ‘wide searching’, 2) that walking containing occasional inspection nodes 729 
>3 body movements in size could be considered ‘close searching’ and 3) that concentrations 730 
of inspection nodes >3 body movements in size, unassociated with walking, could be 731 
considered ‘inspection’.  Since the classification system also produces a graphical trajectory 732 
for each track analysed, these assignments could be cross-referenced to the observer’s 733 
subjective opinion of which behaviour resulted in a particular track shape, and was found to 734 
be highly accurate.  Classification data, again exported as a text file for each cyprid under 735 
investigation, were then simply plotted in spreadsheet software with no further manipulation. 736 
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 737 
 738 
Figure 1: a) The widely accepted stages of behaviour observed in the settlement process of 739 
barnacle cypris larvae. b)  An example of the initial stages of this process; (i) locating a 740 
surface, (ii) wide/close searching and (iii) returning to the water column. TP1 and TP2 741 
correspond to the posterior and anterior terminal points of the cyprid, the relative movements 742 
of which are used to define walking and inspection nodes [12] (reproduced with permission). 743 
c) An example image captured from the new tracking system described in Alsaab et al. [12] 744 
d) One of the first attempts by Crisp to track exploring cyprids [8] e) The evolution of more 745 
advanced methods began with use of Noldus EthoVision 3.1 [13]. f) This was followed by 3D 746 
tracking using SIMI Motion (our laboratory, unpublished).  Periodic dots on the blue track 747 
indicate cyprid footsteps. g) Finally, the system described by Alsaab et al. [12].   Scale bars = 748 
c) 6 mm, d) 10 mm, e) 10 mm, f) 2 mm, g) 2 mm. 749 
 750 
 751 
Figure 2: a) A plot of raw tracking data for a single cyprid. Each grey marker on the plot 752 
represents an inspection node. The number of movements per node is represented on the y-753 
axis. The red markers on the x-axis signify walking behaviour. b) The same data presented 754 
as a cumulative plot with (i) Zero or minimal increase in the number of body movements with 755 
time accompanied by walking = wide searching behaviour; (ii) zero or minimal increase in the 756 
number of body movements with time without walking = non-exploratory behaviour; (iii) linear 757 
increase in body movements with time, accompanied by walking = close searching 758 
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behaviour; and (iv) linear increase in body movements with time without walking = inspection 759 
behaviour. Red asterisk = permanent attachment. c) Tracks i – v illustrate the rationale 760 
behind the assignments in b (black box magnified for i-iv). The blue line in (i) represents 761 
walking behaviour. Walking behaviour is identified visually by the periodic spacing of nodes 762 
(N) that correlate to pauses in cyprid body movement between steps. (ii) Non-exploratory 763 
behaviour refers to any movement that is not walking or inspection. The track in (ii) illustrates 764 
linear movement with no nodes and therefore no walking/inspection/body movements 765 
detected. (iii) Close searching  is a combination of walking (i) and inspection (iv), where 766 
inspection is movement of the body numerous times while attached to a single point. Each 767 
node in (iii) is therefore similar to (i), but the result of many movements per step.  Inspection 768 
contains only body movements with no steps (iv), and (v) represents the entire trajectory of 769 
the track.  770 
 771 
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 772 
 773 
Figure 3: a) The final period of surface exploration was tracked for 12 individual cyprids.  b) 774 
In most cases this final period included a stretch of close searching behaviour (walking with 775 
linear increase in body movements; Figure 2c) followed by several nodes of inspection 776 
behaviour, unassociated with walking – i.e. final inspection (blue boxes). 777 
 778 
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 779 
 780 
Figure 4: Cumulative plots of body movements recorded during the entire free-781 
swimming/exploratory period of cyprids aged 1 (a), 3 (b) and 5 (c) days post-moult to the 782 
cyprid. The trajectories illustrated in blue are selected stretches of exploratory behaviour, 783 
their locations on the track data profile indicated by an arrow. 784 
 785 
overcoming the intrinsic limitations on sample number experi-
enced in long-term observations. For experiments using IBMX,
the treatment and control recordings were made simultaneously.
Those involving cyprids of different ages, by definition, occurred
on different days using cyprids from the same culture. Long-term
and short-term experiments were conducted at different times,
using independent, batches of larvae.
A typical long-term experiment involved addition of five
cyprids, usually 3 days of age, to an experimental tube, which
were then recorded from above for up to 18 h. Any cyprids
that settled during this period were tracked either through
their final exploratory period (figure 3) or for the entire pelagic
and benthic periods leading up to settlement (figures 4–6).
The purpose of the short-term assay (figures 7 and 8) was to
provide a higher throughput experimental design with greater
replication and statistical power than the long-term assays.
Repeated recordings of larger numbers of larvae were conducted,
during which total behaviour was quantified per trial, rather than
per cyprid. As well as generating replicate data, this approach had
the additional advantage of eliminating the sometimes onerous
process of identity re-assignment that was required during long-
term tracking of individual cyprids. To this end, the short-term
assay involved 1 h recordings of tubes containing 10 cyprids of
the appropriate age (usually 3 days old) from four independent
larval cultures for each experimental condition. Experiments
were conducted at 238C using cyprids gradually raised to room
temperature and allowed 5 min to acclimatize prior to recording.
Inspection or walking data recorded in the 1 h period were
simply taken as a total for each recording and divided by the
number of cyprids in the tube, providing a measure of average
inspection events, movements and walking events per cyprid,
per hour. These values were then averaged for the 4! replicate
cultures to produce means+ standard error of the mean. Statis-
tical analysis was performed between treatments using one-way
analysis of variance (ANOVA) in MINITAB version 17 at an
a-level of 0.05. All data were normally distributed and showed
similar variance, as identified from normal plots of residual
values and plots of residuals versus fitted values.
3. Results
(a) Direct identification of cyprid settlement behaviour
Through the automatic definition and subsequent analysis of
walking and inspection nodes, all non-exploratory move-
ments (e.g. swimming and resting) were ignored and simple
distributions of the number of movements per inspection
node, with time, could be produced (figure 2a), with periods
of walking indicated on the x-axis. By presenting the same
data as cumulative values (figure 2b), the three classic cyprid
exploratory behaviours were clearly identifiable without
reference to the track trajectory. The exploratory paths auto-
matically produced during tracking analysis (figure 2c) were
used only for quality control purposes. For each time point,
the number of inspection movements was added to the sum
of all previous time points. Wide searching behaviour pro-
duced no increase in the number of inspection nodes;
however, the period of wide searching was identified as walk-
ing by the software and assigned walking nodes (figure 2b).
Close searching behaviour was also identified as walking, but
its definition required a concurrent increase in the number of
inspection nodes and associated movements, since the close
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 786 
Figure 5: a – d) Cumulative plots of body movements over the course of individual cyprid 787 
tracking experiments of up to 16 h in duration. The cyprids were exposed, throughout the 788 
experiment, to a 10-5 M solution of 3-isobutyl-1-methylxanthine (IBMX) and 1:10000 789 
dimethylsulfoxide in artificial seawater. Plots ‘a – d’ are presented on the same y-axis in ‘e’. 790 
 791 
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 792 
 793 
Figure 6: a – d) As Figure 5, but exposure to a 1:10000 control solution of dimethylsulfoxide 794 
in artificial seawater. Plots ‘a – d’ are presented on the same y-axis in ‘e’. 795 
 796 
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 797 
 798 
Figure 7: a) Settlement of cyprids of three different ages after a standard 24 h settlement 799 
period (n = 12), b) the total number of nodes and total number of movements in all nodes for 800 
all cyprids in 1-h long tracking experiments, c) the data in ‘b’ processed into an average 801 
number of movements per node for each cyprid age, d) average number of walking steps 802 
	 32	
taken per cyprid per hour, e) average period of walking, f) average number of stretches of 803 
walking behaviour and g) the rate of walking for each cyprid age. All errors are standard 804 
errors of the mean. Bars that do not share a letter differ significantly (ANOVA) at an alpha 805 
level of 0.05, n = 4 for b - g. 806 
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 809 
Figure 8: a - g) As Figure 7, but for settlement/behaviour of 3-day-old cyprids exposed to 810 
IBMX and control solutions.  811 
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